.
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The frequency corresponding to the lower edge of the bandwidth of these monopole antennas can be determined approximately by equating the area of the planar configuration to that of a cylindrical wire of height l (which is same as that of planar disc height) with equivalent radius r given by 2πrl = πab. The length of a standard cylindrical monopole for real input impedance is given by (Balanis, 1982) l = 0.24 ×λ × F
Where ) 1 /( ) ( r l r l F   . From the above equations, the resonant frequency is given by f = c/λ = (30×0.24) / (l+r) GHz (2) where l and r are in centimetres. The theoretical frequencies calculated using the above equations for the discs considered in Table 1 shows agreement within ± 8 %.
From Table 1 it is seen that the simple circular disc can provide a very high impedance bandwidth. Fig. 3 shows the simulated E-and H-plane radiation patterns of the CDM antenna at three different frequencies over the bandwidth. From these results it can be seen that as the frequency increases from 2.5 to 9.0 GHz, the direction of maxima of the conical beam of the E-plane pattern varies from 30 o to 60 o from elevation, whereas the H-plane pattern remains nearly omnidirectional with maximum variation in azimuth increasing from 4 to 7 dB. The slight distortion in the patterns might be attributed to shape of the disc monopole, reflections from metallic surfaces and edge diffraction. These patterns are similar to that of a vertical linear monopole antenna of equivalent height on a finite ground plane, (Balanis, 1982) . shows the distribution of current along the CDM antenna at two frequencies in the bandwidth. It can be seen that at the lower frequency, the current on the disc is uniform, but at the higher frequency, the current points in different directions. Thus, at higher frequency, we do not get a good omnidirectional pattern in the H-plane and the direction of the beam peak in the E-plane pattern varies from 30 o to 60 o from elevation. 
Square Planar Monopole Antenna
One of the simple planar monopole (PM) antenna shapes that have received a lot of attentions is the square (or rectangular) plate, Fig. 5 . The square element is easier to deal with during the optimization process. The planar element is located a distance g above a ground plane, and is fed by a narrow strip through a SMA connector. The bandwidth of the PM antenna is set mainly by the radiating element dimensions, L and to obtain the maximum impedance bandwidth a suitable feed gap separation, g is required. The effect that the square PM antenna dimension and its separation from ground have on the impedance bandwidth can be obtained through the study of the return loss results, (Ammann, 1999) ; (Ammann & Chen, 2003a) . In all cases the thickness of the planar plate monopole is 0.5 mm copper sheet and the square ground plane considered is of side 100 mm and the SMA connector has a feed-probe diameter of 1.2 mm. Table 2 gives for a square plate planar monopole of various dimensions, L, the lower and upper frequency limits, and hence, the bandwidth based on 10 dB return loss. In each case the feed gap has been optimized for the highest bandwidth.
As is typical for monopole antennas, the lower edge of the impedance bandwidth is inversely proportional to the overall length of the element. In the case of PM antenna, the overall length also includes the feed gap (i.e. L + g). Typically, the length of the square PM The lower frequency limit of a rectangular radiating element, size L×W, can be determined from the following simple formula:
The above results shows that the impedance bandwidth is dependent on the feed gap, g and this gap must he optimized for maximum bandwidth. The frequency corresponding to the lower edge of the bandwidth is fairly independent of the feed gap, g, but the upper frequency is heavily dependent on it. This can be seen in Fig. 6 , which shows the return loss for a 30 × 30 mm 2 square monopole with feed gaps of 0.8, 1.6, and 2.5 mm. Upon comparison of the square PM antenna with the circular PM antenna one can see that the circular plate provides higher impedance bandwidth but, unlike the circular PM antenna the patterns of the square (or rectangular) plate monopole are fairly stable with frequency. As such, majority of the works, reported in the literature, carried out on the PM antennas use the square (or rectangular) shaped plates. To increase the impedance bandwidth of the square PM antenna, various techniques that change the basic shape of the monopole plate has been reported. These techniques include: cutting one or both edges of the monopole plate near the ground plane, so called bevelling; shorting the monopole plate to the ground; exciting the monopole plate antenna at two or three feeding points; and loading the monopole plate at its radiating edges with small rectangular plates. In the following these techniques are given.
Rectangular planar monopole antenna with bevel
A significant increase in impedance bandwidth can be achieved by cutting, or bevelling, the edge of the square monopole near the ground plane on one or both sides of the feed probe (Ammann, 2001) , as shown in Fig. 8 . The basic antenna structure considered here is square shaped and is of side 25 mm, and thickness 0.2 mm, placed above a 150 mm square ground plane and fed via an SMA connector. The upper and lower edge frequencies of this simple square antenna are 2.35 and 4.95 GHz, representing an impedance bandwidth ratio of 2.1:1. One of the edges of the PM antenna can be cut, asymmetrically bevelled, and fine control of the impedance bandwidth can be achieved by varying the angle of the bevel. If the square element is bevelled by α = 10 o on one side of the feed probe, the upper edge frequency increases to 5.3 GHz. If the bevel is increased to α = 40 o , the upper edge frequency increases to 6.0 GHz, while the lower edge frequency drops to 2.175 GHz. This represents an impedance bandwidth ratio of 2.75:1. If the planar element is symmetrically bevelled on both sides of the feed probe, the upper edge frequency is increased further. For a symmetrical bevel of α = 40 o a significant increase in the upper edge frequency, 12.5 GHz, can be achieved, representing an impedance bandwidth ratio of 5.75:1. Further increases in bevel do not increase the impedance bandwidth. The upper and lower edge frequencies for both asymmetrically and symmetrically bevelled PM antennas are given in Table 3 Ammann, 2001 ).
The radiation patterns of the asymmetric and symmetric bevelled monopole antenna are nearly constant with frequency over the bandwidth. The radiation patterns are quasi omnidirectional over the impedance bandwidth, the bevel has no noticeable effect on radiation patterns (less than a decibel). Fig. 9(a) shows the E-plane patterns of the symmetric bevelled monopole antenna at two frequencies. Fig. 9(b) shows the H-plane pattern, where the pattern is omnidirectional to within ±1.6 and ±2.9 dB at 2.4 and 5.8 GHz, respectively. The maximum gain at 2.4 GHz is 2.7 dBi at θ = 52 o but is 1.2 dBi at θ = 90 o . At 5.8 GHz, the maximum gain is 4.6 dBi at θ = 65 o , and is only 2.4 dBi at θ = 90 o . The pattern of the 40 o symmetrically bevelled element suffers some degradation at higher frequencies, Fig. 9 (c). At these frequencies, the dimensions of this antenna are no longer small compared to a wavelength, and the radiation pattern exhibits some directivity. The increase in impedance bandwidth of the PM antenna through bevelling can be described through Transmission Line Modelling (TLM) (Valderas et al., 2006) . The study of the current flow on a PM antenna reveals that it is mostly concentrated in the vertical and horizontal edges. Fig. 10 shows the current amplitude distribution for a simple square PM antenna. The horizontal current distribution is observed to be focused on the bottom edge of the PM antenna, near the ground, where it is greater in amplitude than the vertical component. Thus, this edge will hardly contribute to the radiation. As such, the structure could be modelled as a transmission line loaded with the radiation resistance of the antenna Fig. 11a . Transmission line broadband matching techniques could then be applied to the antenna. The relations between the geometrical parameters of the monopole and the transmission lines are shown in Table 4 . From the TLM point of view, bevelling technique is equivalent to forcing the horizontal transmission line to exhibit characteristic impedance that is a function of the distance from the feed point. On the other hand, continuously tapered lines are suitable techniques to achieve broadband matching. Both of these aspects are joined in the TLM applied to the PM antenna. A bevel, indeed, would act as a tapered line since a continuously increasing height above the ground plane means that the characteristic impedance will also increase continuously in a tapered line fashion, Fig. 11b . 
Shorted planar monopole antenna
The monopole antenna with shorting post is shown in Fig. 12 . The shorting post is located at one comer of the planar element, and could be cylindrical with about 1 mm diameter, or a strip with width 2 mm. Compared to the simple monopole antenna the feed-gap separation in the present structure needs to be reduced for optimum impedance bandwidth. Similar to other antennas, for a given planar monopole antenna, the use of shorting post has been shown to reduce the lower-edge frequency by introducing an extra mode, (Lee et al., 1999) ; (Ammann & Chen, 2003a) . The presence of the post increases the antenna bandwidth and makes it smaller in height. Fig. 13 shows the return loss for a 25 × 25 mm 2 PM antenna with and without the shorting strip, which shows an impedance bandwidth of 114% and 76%, respectively. The asymmetry in the structure produces some distortion in the radiation pattern, particularly at the higher frequencies, Fig. 14. www.intechopen.com
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Fig . 15 shows the current distribution on the monopole antenna with and without the shorting post at one corner. It can be seen that for the simple PM antenna currents distribute symmetrically around the feed point. When the shorting post is added to the bottom edge, current distribution on the antenna becomes asymmetric and current is strong near the shorted edge and ground plane. Thus, the radiation from this edge is lower than the opposite edge. Because of this asymmetric, the radiation pattern becomes asymmetric and degraded in the side of shorting. 
Shorted planar monopole antenna with bevel
It was shown earlier that addition of a bevel to one side of a square planar monopole, SPM antenna increases the upper edge frequency significantly and increases the bandwidth of the antenna. Control of this upper frequency is possible by adjusting the bevel angle. The addition of a shorting post to one side of the planar monopole also increases the bandwidth. A combination of shorting post and bevel can yield an impedance bandwidth of 800 MHz to 11 GHz, which is suitable for combinations of cellular and UWB systems (Ammann & Chen, 2003b) . Fig. 16 shows a shorted PM antenna with bevel. The antenna is constructed using 0.2 mm thick copper sheet on a 200 mm square ground plane and fed via an SMA connector. The square plate dimension, L, is 60 mm, the shorting strip is 2 mm wide and the feed gap g is 1.2 mm. The monopole plate is bevelled on the side opposite the shorting strip. The VSWR for the SPM antenna and SPM with shorting strip, SHPM, and SHPM with bevel, SHPMB, are shown in Fig. 17 . As can be seen the shorting strip reduces the lower-edge frequency and the bevel raises the upper-edge frequency significantly. The plot shows the effect of introducing the bevel and shorting strip on the impedance bandwidth. The feed gaps are optimized for maximum bandwidth in each case. The 3 : 1 VSWR impedance bandwidths are 890-2250 MHz for the SPM antenna, 730-2500 MHz for the SHPM antenna and 850 MHz to >10.5 GHz for the SHPMB antenna. VSWR plots over the range 0.5-10.5 GHz are shown in Fig. 18(a) for the SPM antenna with bevel angles of α = 0 o to α = 40 o . It can be seen that the VSWR variation with frequency is reduced by the addition of the bevel. Fig. 18(b) shows the VSWR for the SPM antenna with both bevel and shorting strip. It can be observed that the VSWR remains below 3: 1 over most of the frequency range when α = 10 o and 20 o . The bevel tends to increase the VSWR slightly at the lower frequencies but reduces the VSWR significantly at higher frequencies. For α = 10 o , the lower and upper-edge frequencies (3: 1 VSWR) are 790 MHz and >10.5 GHz, respectively. The VSWR is slightly greater than 3: 1 only in the regions from 1.05-1.22 GHz and from 7.5-8.2 GHz. The radiation patterns are shown in Fig. 19 . The plots indicate nearly omnidirectional patterns in the H plane and typical monopole patterns in the E plane cuts at the lower frequencies. The plots are given at 900 MHz, 2.4, and 5.8 GHz. 
Monopole Antenna with a dual and triple Feeding Strip
The theory of characteristic modes (Harrington & Mautz, 1971) has been used by (AntoninoDaviu et al., 2003) to investigate the modes associated to a square PM antenna. From the knowledge of mode behaviour, it is shown in that paper that the performance of the antenna could be improved by using a double feed configuration. Such a double feed generates a pure and intense vertical current distribution in the whole structure and avoids horizontal currents, which degrade the polarization properties and the impedance bandwidth performance of the antenna. However, to generate the double feed, an additional microstrip feeding network under the ground plane of the PM antenna was used that complicates the total antenna configuration and increases the fabrication cost of the antenna. Fig. 20 . Geometry of the square planar monopole antenna with (a) two-branch feeding strip and (b) trident-shaped feeding strip.
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Following the above work, (Wong et al., 2005) suggested a simple dual and trident-shaped feeding strip suitable to achieve bandwidth enhancement of a square PM antenna. The planar monopole with the simple feeding strip is easily fabricated using a single metal plate and fed using a 50 ohm SMA connector and, in addition, no external feeding network is required, Fig. 20 . In Fig. 20 , a 0.2 mm thick square planar monopole antenna of side length L (40 mm) mounted above a ground plane of size 150 mm x150 mm is shown. The feeding strips are uniform and set to 2 mm. By adjusting the three parameters d, t and h, increase in the impedance bandwidth of the planar monopole antenna can be achieved. Parameter d controls the coupling between the ground plane and the lower edge of the planar monopole, which effectively varies the input reactance of the antenna. Thus impedance matching of the antenna can be fine-tuned, and optimized impedance bandwidth can be obtained for the antenna. The return loss for the simple planar monopole antenna with single feed, double branch feed and triple branch feed are shown in Fig. 21 . With the size of the square plate set as above, the impedance bandwidth (10 dB return loss) would have a lower edge frequency of less than 1.5 GHz. For the double and triple branch feed structures by selecting the parameters t, h and d of the feeding strip to be 15, 3.5, and 1.0 mm, respectively, the upper edge frequency of the impedance bandwidth, for the double feed would be around 10.2 GHz and for the triple feed would be larger than 11.4 GHz. For the single feed PM antenna, to obtain the highest bandwidth, requires a feeding strip with d = 2.5 mm. It is seen that the triple branch feeding strip shows an impedance bandwidth of 1.276-11.448 GHz (a frequency ratio of 8.32), while the two-branch feeding strip shows a bandwidth of 1.354-10.182 GHz (a frequency ratio of 7.52) and that of the simple feeding strip is 1.455-3.286 GHz (a ratio of 2.26). The wide impedance bandwidth of the triple fed PM antenna makes the antenna suitable for application in the new broadband wireless metropolitan area network system using the IEEE 802.16a (2-11 GHz) standard. The current distribution behaviour on the planar monopole antenna for the three feeding structures is shown in Fig. 22 . It is seen that the triple fed PM antenna provides a more uniform current distribution compared to a dual-feed design and a single-feed design. This leads to a much improved impedance bandwidth for the square planar monopole antenna. Radiation patterns of the triple fed planar monopole antenna are shown in Fig. 23 at three different frequencies of 2, 6 and 10 GHz. 24 shows the antenna gain for frequencies across the impedance bandwidth. For frequencies up to about 6 GHz, it is seen that the antenna gain monotonically increases from about 4.0 to 7.0 dBi. For the higher frequency portion of the impedance bandwidth, however, the antenna gain varies relatively slightly in the range of 6.5-7.0dBi. 
Plate loaded planar monopole antenna
The planar monopole antenna structures considered so far can provide at most a bandwidth over the range 1.2-11.5 GHz. In PM antennas the lower limit of the bandwidth is set by the monopole plate dimensions. To increase the upper frequency limit even further the plate loading can be employed (Mazinani & Hassani, 2009a) . The plate loaded planar monopole antenna, PLPM, and its parameters are shown in Fig. 25 . The antenna is constructed using copper sheet of thickness 0.2 mm, and dimension L = 20 mm and W = 12 mm, placed on a small circular ground plane of radius 50 mm. Based on obtaining the widest bandwidth, the feed gap parameter, g, is set at 1mm. A 50Ω coaxial probe feeds the bottom of the antenna through the ground plane via a 1.2 mm connector. This PM antenna is loaded at its two radiating edges by small rectangular plates. The parallel plate placed on the two sides of the radiating element is determined by two parameters L s and W s . Based on a return loss of 10 dB, the effect of the plate loading dimension on frequency and bandwidth are listed in Table 5 . It is obvious that the size of the plate loading has a pronounce effect on the upper resonant frequency and thus on the impedance bandwidth of the monopole antenna. For the rectangular plate loading, with small values of W s the return loss shows multiband behavior and with a good choice for L s a wideband behavior can be obtained. From this Table, it is seen that for the rectangular loading plates with W s = 6 mm and L s = 12 mm the upper frequency limit is 16.7 GHz. Fig. 26 shows the return loss for the plate loaded PM antenna. It can be seen that the addition of the plates increases the upper edge frequency significantly resulting in a bandwidth of 2.9-16.7GHz.
Ws (mm)
Ls (mm) Bandwidth (GHz) 4 12 2.9 -6.2 , 8.9 -13.5 , 14.7 -17.5 6 12 2.9 -16.7 8 12 2.9 -15.6 6 10 2.9 -6.7 , 9.2 -18.5 6 14 2.9 -12.5 Table 5 . Dimensions and impedance bandwidth of rectangular loading plates. The effect of the presence of the loading plates can be seen through application of the TLM and the current flow on the PM antenna. In section 4, TLM was applied to a beveled PM antenna and through tapering the equivalent transmission line increase in the impedance bandwidth was obtained. Another way to increase the antenna bandwidth is to match the radiation impedance of the antenna to the characteristic impedance of the equivalent transmission line of the PM antenna which is assumed to be matched to the antenna feed. To do so, one can add a shunt impedance loaded stub transmission line (line with Z' s terminated in Z' LS ) to the radiation impedance Z Lo , as shown in Fig. 27(a) . It is assumed that the monopole antenna is at a height above the ground plane that leads to being impedance matched to the antenna feed. In the same way that a rectangular planar monopole antenna can be modeled as a transmission line terminated with an impedance Z L , the proposed shunt transmission line terminated in an impedance Z' LS can be modeled as a rectangular plate. This leads to a new planar monopole antenna structure. The TLM model shown in Fig. 27 (a) is equivalent to a rectangular planar monopole antenna loaded with a pair of parallel plates, placed on the two radiating edges of the antenna. To make the final antenna structure symmetric, one can divide the shunt transmission line into two equal halves, Fig 27(b) . In this way, the equivalent plate can be attached to the radiating edge at its symmetric line. The relation between the geometrical parameters of the proposed antenna and its equivalent transmission lines are shown in Table 6 . Table 6 . Relation between the PLPM antenna and transmission line parameters Fig. 28 shows the amplitude current distribution on a simple PM and on the PLPM antenna at frequency of 4 GHz. It is obvious that a similar current distribution that takes place on the simple PM antenna also takes place on the loading plates of the PLPM antenna This is in contrast to the usual PM antennas where due to the asymmetry in the configuration of the antenna in the two orthogonal planes good omnidirectional pattern at www.intechopen.com
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higher frequencies is not achievable. By adding the loading plates to the PM antenna, as shown in Fig. 28(b) , the currents on the two edges of the loading plate results in constructive interference, resulting in a stronger radiation pattern in the direction normal to the plane of the loading plate. Thus, the overall radiation pattern of the antenna becomes more omnidirectional than the case of the simple PM antenna. The E-plane radiation pattern of the PLMP antenna is similar to those of the simple PM antenna. With increase in the frequency of operation, a dip in the main beam in the E-plane pattern is in evidence, due to the large electrical size of the antenna. In all cases the cross polarization level is lower than15dB, similar to that of a simple PM antenna. Fig. 30 shows the measured PLPM antenna gain variation against frequency. It is known that a single PM antenna has some 2 -4.5 dB of gain. Thus, loading plate has increased the gain, especially at higher frequencies where gain of 7 dB is noted. The above PLPM antenna with its very wide impedance bandwidth can also be used as an internal antenna for mobile handset (Mazinani & Hassani, 2009b) . Also due to its higher gain, such antenna is useful for superdirective arrays. 
Planar Monopole Antenna with Band-Notch Characteristic
A single planar monopole antenna can cover the 2-18 GHz frequency band with good performance. This frequency range has interference to the existing narrower communication systems frequency bands. There are a few frequency bands that are reserved for narrowband wireless technologies (such as WLAN, HYPERLAN/2, IEEE802.11a …), thus, there is a need in the wideband device to provide filtering to avoid interference from or causing interference to narrowband devices. However, the use of a filter will increase the complexity of the wide band system. Rather than using filtering electronics, it has been shown that by creating a slot in the interior of the radiating element, a planar monopole can exhibit a single or multiple narrow frequency notch bands while maintaining the wideband performance. The shape, size and position of the slot on the antenna surface play an important role in the determination of the frequency center and the bandwidth of the notch. Most of the works reported in the literature include U-shaped vertical slots and simple rectangular horizontal slots cut from the edge of the antenna. In the following sections, these structures are described.
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Wideband planar plate monopole antenna 505 9.1 U shaped vertical slots A technique to create single or double band notch behavior is by creating single or multiple half wavelength U-shaped slots placed vertically along the surface of the monopole antenna, [Lee et al. 2005] and [Lee et al., 2006] . Fig. 31 shows the structure of the PM antenna with a combination of U and ∩-slots. Other combinations of such slots are also possible. A copper planar element of thickness 0.2 mm, size 20mm x 27 mm and beveling angle 12 o , is vertically placed at spacing of 1 mm over the circular ground plane of radius 75mm and fed via a 50 ohm SMA connector. Fig.  32(b) shows the planar antenna with single ∩-shaped slot, where creation of one notch band at 2.96 GHz is noticeable, and Fig. 32(c) shows the return loss for a U-shaped slot that makes a notch band at 4.77 GHz. The bandwidth of the notches can be controlled by adjusting W1 and W2. Combining these two U and ∩-shaped slots, Fig. 32(d) , the return loss results show two notches at the same frequencies as those of Fig. 32(b) and (c), i.e. when the two slots are placed beside each other results shows little mutual coupling between the two. The centre frequency of the notch bands for either the U-slot or the ∩-slot can be accurately predicted from the following formula:
Where c is the speed of light and L n is the half length of a U or ∩-slot, Fig. 31 . By varying the slot position and the distance between the slot arms one can control the notch bandwidth and its centre frequency. For the structure of Fig. 32(d) , the normalized surface current distribution at three different frequencies, passband 2.4GHz, at lower notch centre frequency 2.96GHz, and at upper notch centre frequency 4.81GHz are shown in Fig. 33 . One can see that at the passband, Fig. 33(a) , there are more current distributions near the feeding point. At the lower notch centre frequency, Fig. 33(b) , the current is concentrated around the bottom edge of the ∩-shaped slot and is oppositely directed between the interior and exterior of the slot. Thus, the antenna operates in a transmission-line-like mode, which transforms the nearly high impedance (open circuit) at the top of the slot to nearly zero impedance (short circuit) at the antenna feeding. This zero impedance at the feeding point leads to the desired high attenuation and impedance mismatching near the notch frequency. Fig. 33(c) shows that at the upper notch frequency, current is concentrated around the top edge of the U-shaped slot and is oppositely directed between the interior and exterior of the slot. As in previous case, the antenna operates in a transmission-line-like mode, which transforms the nearly zero impedance at the top of the slot to nearly high impedance at the antenna feeding, leading to the desired high attenuation near the notch frequency. Lee et al., 2006) . Fig. 34 shows the conceptual equivalent-circuit model for the antenna, that includes a series stub, a shunt stub, and antenna resistance R a . At passband the stubs are non operational and radiation takes place. The stubs are a short-circuit stub with L1 = 15.6 mm and an opencircuit stub with L2=24.6 mm. When L2 is equal to λ/4 in Fig. 34(b) , at 2.96 GHz, the input impedance at the feeding point is zero (short circuit). Also, when L1 is equal to λ/4 in Fig.  34(c) , at 4.78 GHz, the input impedance at the feeding point is high (open circuit) due to the quarter-wave transformer. In these two cases, destructive interference for the excited surface currents in the antenna will occur, which causes the antenna to be non responsive at those frequencies.
Simple horizontal slots
Simple horizontal slots cut from the edges of the wideband monopole planar antenna can also create notch bands (Rahmati & Hassani, 2009) . Such slots cut from the edges of the monopole antenna are easier to create as compared to U-slots cut from the centre of the antenna. Fig. 35 shows the antenna structure where a copper planar element of thickness, 0.2 mm, size 22mm  25 mm and beveling angle of 17(or h b =4mm), is mounted 0.5 mm over the circular ground plane of radius 40mm. Through placement of single horizontal slot, a single and a double pair of horizontal symmetrical slots placed on the edges of the monopole antenna single and double tunable notch characteristics can be obtained. www.intechopen.com
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The effect that a single horizontal slot cut from one edge of a monopole antenna has on the antenna are shown in Fig. 36 . There are three parameters, Ls, Ws and h that affect the notch band. Fig. 36(a) shows the return loss of the antenna for various position of the slot, h. The results show that when h is varied from 11mm to 20mm the notch bandwidth decreases from 20% to 4%, the return loss of the notch at centre frequency decreases and only a small shift in the notch centre frequency takes place. Fig. 36(b) shows the return loss as slot length, Ls, is varied. The results show that with an increase in Ls, the notch centre frequency decreases with an improved notch behavior. Although not shown, results on variation of slot width, Ws, shows that as Ws is increased, the notched bandwidth increases from 9% to 20% and only a small shift in notch centre frequency takes place. From these results, the centre frequency of the notch can be obtained through the following approximate formula:
where c is the speed of light. It can be seen that the notch frequency is controlled mostly by the slot length Ls. The antenna structure with only a slot at one edge may not produce a symmetric radiation pattern. Thus, the case of a pair of symmetrical slots cut from the sides of the antenna is considered. Fig. 37(a) shows the return loss of the antenna for various position of the slot, h. From this result it is seen that the pair of symmetrical slots results in a wider notch bandwidth as compared to that of single slot. When h is varied from 11mm to 20mm the notch bandwidth reduces from 55% to 12% and a very small shift in notch centre frequency takes place. The single pair of symmetrical slots can be modeled as two resonances connected in series to the initial monopole antenna. Slots of equal length result in equal resonant frequency and higher notch bandwidth. The effect of various slot length, Ls, is shown in Fig. 37(b) . It is seen that the length of the slot determines the centre frequency of the notched band. As Ls is increased the notch centre frequency shifts toward the lower frequency with an increase in return loss level. Results on variation of Ws, similar to the previous single slot case, shows that as Ws is varied from 0.3mm to 1mm, the notch bandwidth increases from 9% to 20% and only a small shift in notch centre frequency takes place. From the results of Fig. 37 it is seen that the centre frequency of the notch is more dependent on the length and position of the slot while the slot position also affects the bandwidth of the notch. From these results one can state that for slot position h <16mm the centre frequency of the notch can be obtained through the following approximate formula:
while for h>16mm, the effect of slot position becomes less, thus the formula in equation (5) would be more suitable. 38 shows the normalized surface current distribution over the planar monopole antenna for the single and for a pair of slots at various frequencies. In Fig. 38(a) and (c), where the antenna operates at pass band frequencies 3.5 and 13GHz, there are more current distributions near the feeding point(i.e. slot does not resonate and has little effect). At notch frequency, 5.7 GHz, as shown in Fig. 38(b) , current is concentrated around the edge of the slot while there is almost no current at the feeding point. The high concentration of current around the slot can be represented as a short circuited stub. The edge loaded slot monopole antenna can then be modeled as a short circuited stub in series with the unloaded monopole radiation resistance, R, Fig. 38(d, e) . For the case of single pair of symmetric slots, there would be two short circuited stubs connected in series with R. At notch frequency, the slot is almost λ/4 and thus transforms short circuit at the slot to open circuit at the antenna feeding point. This leads to the desired high attenuation and impedance mismatching around the notch frequency. To create multiple notch bands multiple horizontal slots placed on top of each other are required. Here, the case of the planar monopole antenna with two pairs of horizontal symmetrical slots is presented. The presence of the second pair of slots creates an extra resonance (notch), whose centre frequency is dependent on the parameters of this pair of slots. In the cases studied the dimensions of the upper pair of slots are kept fixed while those of the lower pair of slots are varied. Fig. 39(a) shows the return loss results for various lengths of the lower pair of slots, Ls2. It is seen that increasing Ls2 towards Ls1 the centre frequency of the second resonance approaches that of the first, thus increasing the bandwidth of the notch. Fig. 39(b) shows the return loss for various heights of the lower pair of slots. From Fig. 35 , beveling height, h b is 4mm, thus, h2=3mm is for a slot which is placed in the beveling region of the monopole antenna. As the length of this slot in such a region is small, the upper centre frequency would be quite high. As the slot is moved up from this region (i.e. h2 >4mm) there is not much change in upper centre frequency while its return loss level reduces. Similar to the two previous cases, as the width of the slot, Ws2, is increased the bandwidth of the upper resonance increases while its centre frequency changes slightly. 
